Several markers of renal changes have been measured in a cohort of 50 workers exposed to elemental mercury (Hg) and in 50 control workers. After application of selection criteria 44 exposed and 49 control workers were retained for the final statistical analysis. Exposed workers excreted on average 22 pg Hg/g creatinine and their mean duration of exposure was 11 years. Three types of renal markers were studied-namely, functional markers (creatinine and f2-microglobulin in serum, urinary proteins of low or high molecular weight); cytotoxicity markers (tubular antigens and enzymes in urine), and biochemical markers (eicosanoids, thromboxane, fibronectin, kallikrein, sialic acid, glycosaminoglycans in urine, red blood cell membrane negative charges). Several bloodborne indicators of polyclonal activation were also measured to test the hypothesis that an immune mechanism might be involved in the renal toxicity of elemental Hg. The main renal changes associated with exposure to Hg were indicative of tubular cytotoxicity (increased Unite de Toxicologie Industrielle et Medecine du Travail, Faculte de Medecine, Universite Catholique de Louvain A Cardenas, H Roels, A M Bernard, R Barbon, J P Buchet, R Lauwerys Departamento de Neuroquimica, Laboratorio de Eicosanoides, CID-CSIC, Barcelona, Spain I Ramis, J Rosell6 Laboratorio di Tossicologia Industriale, Universita degli Studi di Parma, Parma, Italy A Mutti, I Franchini Abteilung fur Nephrologie, Medizinische Hochschule Hannover, Hannover, Germany I M Fels, H Stolte Department of Nephrology-Hypertension, University of Antwerp, Edegem-Antwerp, Belgium M E De Broe, G D Nuyts Biochemistry Section, Biomolecular Sciences, King's College, London, United Kingdom S A Taylor, R G Price leakage of tubular antigens and enzymes in urine) and biochemical alterations (decreased urinary excretion of some eicosanoids and glycosaminoglycans and lowering of urinary pH). The concentrations of anti-DNA antibodies and total immunoglobulin E in serum were also positively associated with the concentration of Hg in urine and in blood respectively. The renal effects were mainly found in workers excreting more than 50 pg Hg/g creatinine, which corroborates our previous estimate ofthe biological threshold of Hg in urine. As these effects, however, were unrelated to the duration of exposure and not accompanied by functional changes (for example, microproteinuria), they may not necessarily represent clinically significant alterations of renal function. (British Journal of Industrial Medicine 1993;50:17-27) The prevention of renal diseases induced by exposure to industrial or environmental chemicals largely relies on the capability to detect nephrotoxic effects at a stage when they are still reversible or at least not yet compromising renal function.'2 During the past decade various tests have been proposed for the early detection of toxic effects at different sites on the nephron. Some of these tests have been validated in specific situations (for example, microproteinuria in workers exposed to cadmium),' but in most cases an epidemiological validation is still lacking. The need for such a validation has been recently stressed during a CEC-IPCS workshop.'
leakage of tubular antigens and enzymes in urine) and biochemical alterations (decreased urinary excretion of some eicosanoids and glycosaminoglycans and lowering of urinary pH). The concentrations of anti-DNA antibodies and total immunoglobulin E in serum were also positively associated with the concentration of Hg in urine and in blood respectively. The renal effects were mainly found in workers excreting more than 50 pg Hg/g creatinine, which corroborates our previous estimate ofthe biological threshold of Hg in urine. As these effects, however, were unrelated to the duration of exposure and not accompanied by functional changes (for example, microproteinuria), they may not necessarily represent clinically significant alterations of renal function.
(British Journal of Industrial Medicine 1993;50: [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The prevention of renal diseases induced by exposure to industrial or environmental chemicals largely relies on the capability to detect nephrotoxic effects at a stage when they are still reversible or at least not yet compromising renal function.'2 During the past decade various tests have been proposed for the early detection of toxic effects at different sites on the nephron. Some of these tests have been validated in specific situations (for example, microproteinuria in workers exposed to cadmium),' but in most cases an epidemiological validation is still lacking. The need for such a validation has been recently stressed during a CEC-IPCS workshop.'
To assess various biological markers of nephrotoxicity, an international collaborative study with several cohorts of workers has been carried out within the European Community. In this study, three cohorts of Belgian workers exposed to lead, cadmium, or Hg vapour have been examined.
The markers of nephrotoxicity analysed fell into three categories arbitrarily defined as (1) functional markers (creatinine and l3,-microglobulin (3,-m) in serum, urinary proteins of low or high molecular weight), (2) cytotoxicity markers (tubular antigens and enzymes in urine), (3) biochemical markers (eicosanoids, fibronectin, kallikrein activity, sialic acid, and glycosaminoglycans in urine, red blood cell (RBC) membrane negative charges).
This paper reports the results obtained in the cohort of workers exposed to Hg vapour. The kidney is one of the main target organs during chronic exposure to Hg vapour.' Both glomerular and tubular effects have been reported. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The glomerular effects range from an increased prevalence of high molecular weight proteinuria to a nephrotic syndrome.7'-4 The reported tubular changes consist of an enhanced urinary excretion of enzymes (for example, N-acetylglucosaminidase, fl-galactosidase) '20 or retinol binding protein (RBP) . ' 7 Some studies, however, have failed to find any signs of renal tubular or glomerular impairment, presumably because of low exposure. [21] [22] [23] [24] The cited markers have been measured in a cohort of 50 workers exposed to elemental Hg and in 50 controls. Several bloodborne indicators ofpolyclonal activation were also examined to determine whether, as suggested by animal studies,25 26 an immune mechanism might be involved in the renal toxicity of Hg vapour.
Subjects and methods

STUDY POPULATION
The study was carried out on 50 male Belgian workers exposed to Hg vapour in a chloralkali plant for at least one year. The control group consisted of 50 male workers from other departments of the same plant but with no exposure to Hg. From biological monitoring data and information collected through a questionnaire it was ascertained that controls and workers exposed to Hg (1) did not have kidney diseases or any disease likely to impair renal function (diabetes, gout); (2) did not regularly consume drugs with potential nephrotoxicity (analgesics, lithium); (3) had concentrations of lead in blood (Pb-B) lower than 350 pg/l, zinc protoporphyrin (ZPP) in blood lower than 2-5 jug/g Hb, cadmium in urine (Cd-U) below 2 ig/g creatinine and Hg in urine (Hg-U) below (controls) or higher (exposed) than 5 ig/g creatinine. Also, subjects with a urinary creatinine concentration (crt-U; g/l) lower than 0-3 or higher than 4 were excluded.
After the application of the aforementioned criteria the cohort of workers exposed to Hg and the matched control group comprised 44 and 49 subjects respectively.
BLOOD AND URINE SAMPLING
All syringes, tubes, and urine containers were previously checked for the absence of contamination with heavy metals. A sample of venous blood (25 ml) was taken from each participant. Ten ml were immediately transferred to two tubes of 5 ml each containing 50 ,l of sodium EDTA (10%) and kept at 4°C. One tube was used for metal and ZPP determination and the other for the measurement of RBC surface negative charges and of the sialic acid concentration in plasma and RBC membranes. The remainder was used for the separation of serum, which was stored at -20°C until the analysis of creatinine, f32-m, IgE, anti-DNA and antiglomerular basement membrane (GBM) antibodies, and rheumatoid factor.
A spot urine sample (100 ml) was also collected from each subject and immediately divided: 10 ml were kept at 4°C without additives for the analysis of creatinine, cadmium, and Hg; 20 ml were distributed in four tubes of 5 ml each containing 0 4 ml of a 0 2 % NaN3 solution in 1 M phosphate buffer pH 7-6 and kept at -20°C until analysis for albumin, transferrin, IgG, /32-m, RBP, protein 1, sialic acid, and the brush border tubular antigens (BBA, BB50, and HF5); 10 ml were stored at -20°C with 10 ,l of lysine acetylsalicylate (1%) for the analysis of the eicosanoids: 6-keto-prostaglandin F,,(6-keto-PGF,,), prostaglandin E2 (PGE2), prostaglandin F2, (PGF2J), and thromboxane B2 (TXB2); 5 ml were kept at 4°C, after the addition of 50 pl of NaN3 (1%) as preservative, for the analysis of Tamm-Horsfall glycoprotein (THG), glycosaminoglycans (GAG), and N-acetyl-/3-D-glucosaminidase (NAG) activity; 5 ml were kept at -20°C without additives for the measurement of pH, kallikrein activity, and sodium concentration; 5 ml were stored at 4°C with 250 pl of a stabilising buffer consisting of 1 M imidazole buffer (pH 7) supplemented with 2% triton X-100, 20 mM benzamidine, 2000 U/ml aprotinine, and NaN3 (1%). These tubes served for the assays of intestinal alkaline phosphatase (IAP) and tissue non-specific alkaline phosphatase (TNAP) activities; 5 ml were stored at -20°C with 50 pl of phenylmethylsulphonyl fluoride (0 1 M in DMSO) for the analysis of fibronectin.
BIOLOGICAL ANALYSIS
The Hg-B and Hg-U were determined by a cold vapour atomic absorption technique with SnCl2 as reducing agent. 27 The Cd-U, Cd-B, and Pb-B were determined by electrothermal atomic absorption spectrometry using a Perkin-Elmer Zeeman 3030 spectrometer. 28 The concentration of ZPP in RBCs was measured with a haematofluorimeter (AVIV Associates, Lakewood, NJ).
Creatinine in serum (crt-S) and urine (crt-U) was measured by the methods of Heinegird and Tiderstr6m,2' and Jaff&"' respectively, slightly modified for automation (Technicon RA1000; Tarrytown, USA). The concentrations of albumin, transferrin, IgG, /2-m, RBP, protein 1, THG, rheumatoid factor, IgE complexes, and of total IgE were determined by an automated non-isotopic immunoassay based on latex particle agglutination.32 33 The concentrations ofanti-DNA antibodies in serum was measured by a radioimmunoassay method (Amersham kit).
The brush border tubular antigens BB50, BBA, and HF5 were analysed by a sandwich enzyme linked immunoassay using monoclonal antibodies.3
Eicosanoids (6-keto-PGFI,, PGE2, PGF22, and TXB2) were measured by a radioimmunoassay after extraction with Sep-Pak C18 cartridges and separation by high performance liquid chromatography. 35 Values of PGE2 in urine that were abnormally increased (higher than 900 ng/g creatinine) were rejected because of possible seminal contamination.
Concentration of GAG in urine was determined by Whiteman's method. 6 The NAG activity in urine was measured fluorimetrically by the method of Tucker et al. 37 Values of urinary kallikrein activity obtained from urine with a sodium concentration lower than 35 mmol/g creatinine were discarded because an abnormally low sodium intake may cause a pronounced increase of this enzyme. 38 The sodium content in urine was analysed by flame atomic absorption. 39 In the control group, only the urinary excretion of GAG was found to be positively associated with age. Table 2 summarises the results of the multivariate correlation analysis performed on the whole study population (n = 93). Only the determinants significantly correlated with the dependent variables, and their partial correlation (r2) and regression coefficients are listed. As expected all urinary variables were positively correlated with crt-U. The urinary excretion of THG, NAG, BB50, HF5, and IAP, and the serum concentrations of anti-DNA antibodies were also positively associated with Hg-U. The concentration of total IgE in serum was correlated with Hg-B. The urinary output of /32-m, PGE2, PGF2,2, TXB2, and GAG and urinary pH showed a negative association with Hg-U or Hg-B. None ofthe renal effects seen in the Hg workers were significantly correlated with the duration of exposure.
After standardisation for the determinants unrelated to exposure to Hg (table 2), workers To study dose-effect and dose-response relations, workers exposed to Hg and their referents were combined and divided into three groups as a function of Hg-U. The values of 5 jig Hg/g creatinine (upper limit of normal in non-occupationally exposed populations) and 50 jig Hg/g creatinine (the previously proposed critical value for the risk of renal dysfunction)'2 17 were selected as landmarks (table 5 and figure). As well as the effects described, a significant increase in mean urinary NAG activity (table  5) and a decrease in prevalence of urinary kallikrein activity (figure) were found in the group with the highest exposure to the metal. The renal changes were generally dose related whether the comparison was made on the basis of prevalences (figure) or on the basis of mean values (table 5) . Most of these changes reached statistical significance at Hg-U higher than 50 ig/g creatinine.
The urinary excretion of several prostaglandins, however, was already reduced at Hg-U below 50 jpg/g creatinine. An attempt was made with a logistic regression model to assess further the doseresponse relations between Hg-B or Hg-U and the renal effects. With the exception of a statistically significant association between the prevalence of reduced GAG values and Hg-U and between the Of the immunological parameters measured to test the polyclonal activation hypothesis only anti-DNA antibodies showed a statistically significant increase in the exposed group, for means (table 6) and prevalences of raised values (table 7) . Although the total IgE concentration in serum was positively associated with Hg-B its mean value and the prevalence of increased results were not significantly different between controls and workers exposed to Hg. Likewise the serum concentrations of anti-GBM antibodies, IgE complexes, and rheumatoid factors were not significantly affected by exposure to Hg (tables 6 and 7).
Discussion
The cohort of workers exposed to Hg had a mean Hg-U of 22 -ig/g-creatinine, which indicates a low exposure. In agreement with previous observations,2 24 this exposure did not lead to an increased urinary excretion of proteins (tables 3 and 5). Exposed workers, however, showed several signs of renal cytotoxicity (increased leakage into urine of tubular antigens and enzymes: BBA, BB50, HF5, IAP, NAG, and THG) and biochemical alterations (decrease in the urinary output of some eicosanoids and GAG).
Together with the changes in urinary excretion of eicosanoids, the increased urinary excretion of THG appears in this study as an early renal effect induced by exposure to Hg vapour (figure and table 5). This increase could reflect an injury to the epithelial cells of the thick ascending limb of the loop of Henle and of the most proximal part of the distal convoluted tubule where this glycoprotein is localised. 46 The physiological function of THG is still obscure. It might have several important functions such as rendering the ascending limb of Henle's loop impermeable to water, transport of sodium (2CI-K-Na cotransporter), defence against infection, or the immunoregulation of several cytokines.4647 Measurement of urinary THG concentration has found little application in the assessment of toxic (b) (b) (a) [6] [7] [8] (a) (b) (a) [7] [8] (a) (b) 1**Average duration of exposure to Hg 118 and 8-5 years respectively. ttMeans with the same letter do not differ significantly (Duncan's test). For units see table 3 and for abbreviations see subjects and methods section.
All markers of nephrotoxicity were standardised for the determinants unrelated to Hg exposure (see table 2). Standardisation was based on the mean of the total population. nephropathies and it is presently impossible to evaluate the clinical significance of its increase in the urine of workers exposed to Hg. 48 49 Activity of NAG in urine was significantly increased in the group of workers with Hg-U higher than 50 pg/g creatinine (figure and table 5), which agrees with previously published data'6 1820 and with the effects seen on excretion of brush border antigens.
Workers exposed to Hg showed a significant reduction of fl2-microglobulinuria that was certainly the consequence of the enhanced degradation of this protein due to lower urinary pH values. This interpretation is corroborated by the significant correlation between pH and #2-m in the urine of these workers. This decreased excretion of f2-m, which has been almost always found in studies on workers exposed to Hg vapour, 172022 cannot be simply accidental and is likely the reflection ofan effect ofHg on the urinary excretion of protons. Conceivably, the tubulotoxicity of Hg might be associated with an inhibition of Na+ transport in the proximal tubules or in the loop ofHenle, leading in the distal tubules to a compensatory increase in sodium reabsorption in exchange with H+ excretion, a process known to occur with several diuretic drugs. This effect might be related to the ability of mercury chloride (like several diuretics) to bind to THG, which, as already mentioned, might be the 2CI-K-Na cotransporter in the thick ascending limb of the loop of Henle.47
The interpretation of the results for urinary prostaglandins is difficult since these represent only a fraction of total renal synthesis. Markers of early renal chatnges induced by industrial pollutants. I Application to workers exposed to mercury vapour figure) suggest that with the exception of reduced prostaglandin excretion, the renal changes found in this study mainly occur when the Hg-U exceeds 50 ig/g creatinine. This confirms our previous estimate'2 '7 of the threshold limit value for the risk of nephrotoxicity due to Hg vapour. None of the renal changes found in workers exposed to Hg was related to the duration of exposure. This is of special interest because it supports the view that the renal changes induced by moderate exposure to Hg' are reversible and mainly the consequence of recently absorbed Hg.
Apart from a slight increase in the serum anti-DNA concentration and a positive association between total IgE concentration in serum and Hg-B, no clear evidence of polyclonal activation was found in workers exposed to Hg.62 It should be noted, however, that the workers examined in this study had a comparatively low exposure to Hg and none showed signs of glomerular dysfunction. Furthermore, as autoimmune reactions are linked to factors of individual susceptibility,63 it is also possible that none of the workers examined in the present study had the required genetic predisposition.
In conclusion, although exposure to Hg vapour was low, workers showed significant changes in urinary excretion of prostaglandins and tubular antigens. These changes were related to Hg-B and Hg-U but not to duration of exposure. This supports the view that the changes may be reversible and caused only by recent exposure. Furthermore, as mercury vapour.
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